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The Spatial Extension of the Field Scattered by Silver Nanoparticles
Excited near Resonance as Observed by Apertureless Near-Field Optical Microscopy
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We report an investigation of the field scattered by isolated silver nanoparticles on a glass substrate observed by apertureless
near-field optical microscopy with an illumination wavelength of 404 nm. We observe an unexpected spatial extension of the
scattered field. The near-field contrast (both distribution and intensity) is shown to be strongly sensitive to polarization of the
incident light. A large & 10) field enhancement observed in transverse magnetic (TM) polarization is interpreted to be the result

of the contribution of the particle plasmon resonance to the diffracted field. The results are further discussed in terms of the
particle shape and the experimental configuration used. [DOI: 10.1143/JJAP.41.L351]
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Nanometer-sized metallic particles are of interest for varivere performed on particles with diameters ranging from 20
ous optical based applications, such as surface enhanced ®a50 nm.
man spectroscopy,chemical sensor,and photonic struc-  The experimental configuration for this study is shown in
tures®* Their ability to show marked local field enhance-Fig. 1 and is similar to that described in ref. 9 except for the
ment of the incident electromagnetic field due to plasmon extumination conditions. For our experiments, the spin-coated
citation, as well as the sensitivity of this behavior to the partisample is coupled to the dove prism ¢ 1.53) using im-
cle shape and surrounding physicochemical properties, makersion oil o ~ 1.52). The nanopatrticles are far-field illumi-
metal nanopatrticles particularly suited for these applicationsated by an evanescent wave obtained by a slightly focused
While most studies are performed using conventional far-fieldmW laser diode beam which undergoes total internal reflec-
techniques, the fundamental interactions occur in the vicinityon at the sample/air interface (incidence angle= 50°).
of the particles and are therefore governed by the near-fieldhe excitation wavelength of 404 nm lies in the resonance
response of the particles. To gain an understanding of thelsendwidth of the colloidal solution. A half-wave plate con-
interactions, several groups are using scanning near-field dpels the incident polarization; the polarization ratio was mea-
tical microscopy (SNOM¥:® This technique has been de-sured to be about 400 1 at the prism entrance facet. The
veloped in the past ten years to overcome the spatial restd* cn¥ illuminated area results in a 10 W/émower den-
lution limitations of conventional optical microscopes. Thessity on the sample surface.
microscopes, classified as scanning probe microscopes, hav@o characterize the distribution of the field diffracted by
since proven their utility in various nanoscopic applicationghe particles we used a commercially available silicon tip
Although their first purpose is to characterize electromagdNCH-W, Nanosensors). An atomic force feedback loop
netic fields or modify matter at sub-wavelength dimensiongMultimode/Nanoscope llla controller, Digital Instruments)
they also represent a unique way to understand the interasisured a constant probe to sample distance regulation in the
tions between objects and fields on the nanometric scale.t&pping mode. An optical fiber (0.2 NA, 1Q0n core) at an
knowledge of these interactions is critical for understandingngle of 75 from the probe axis partially collects the field
the unique optical phenomena that can occur in more stru@diated by the probe in the backscattering direction with
tured nanometric environments, such as the observation refspect to the incident wave vector (see Fig. 1). The out-
squeezed plasmons in interacting metal nanoparticden  put of the fiber reaches a photomultiplier tube (Hamamatsu
this study we explore the field diffracted by isolated silveH5773-01) via an interference filter centered at 400 nm and is
(Ag) nanoparticles excited near resonance in total internal riesck-in demodulated to provide the SNOM signal. The results
flection using an apertureless SNOMUnexpectedly, high presented in this paper were obtained with a probe vibration
spatial extension of the field distribution is observed in botAmplitude of 75nm and lock-in detection at the probe vibra-
transverse electric (TE) and transverse magnetic (TM) polaien frequency of~ 300 kHz. We note here that a complete
izations. Furthermore, we show that the SNOM contrast icharacterization of the field diffracted by the particles would
TM polarization is significantly affected by multiple scatter-imply the necessity for further analysis of the radiation pattern
ing between the probe and the field diffracted by the particlaf the probe®)

The sample is obtained by spin coating a colloidal solu- Figure 2(a) represents the atomic force microscopy (AFM)
tion of Ag nanoparticles on a borosilicate glass cover slipnage of two isolated Ag particles. Figures 2(b) and 2(c)
(n ~ 1.55). The spherical colloidal Ag particles are prepareg@resent the near-field contrast associated with these parti-
according to ref. 8 using sodium polyphosphate as a stabilizetes in TE and TM polarizations, respectively. For the sake
The spin-coating process allows us to efficiently isolate partef clarity in the SNOM images and unless otherwise stated,
cles on the substrate according to their size. Our experimerits x 15,m scans are presented throughout the paper and the

data are also shown in their 3D representation when relevant.
*Present address: Chemical Technology Division, Argonne Nationa-lll—he size Of, the Ag particles (27 and 4(,) nm) has been deter-
Laboratory, Argonne, IL 60439, U.S.A. mined precisely from & x 0.5 m? AFM images.
TE-mail address: wiederrecht@anl.gov
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Thefield distribution around the particlesilluminated in TE
polarization (Fig. 2(b)) represents the mesoscopic scattering
of these particles as predicted theoretically.>* In particular
it shows the specific ‘V'shape in the forward scattering direc-
tion (to the left) as well as fringes developing on both sides
of the particles (indicated by arrows in Fig. 2(b)) that result
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Fig. 1. Schematic of the experimental setup.
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from the interference between the field scattered by the parti-
cles and the incident wave.? When the sampleisilluminated
in TM polarization, the SNOM image revealsamore spatially
extended distribution of the field (Fig. 2(c)). This contrast
shows an additional pattern to that of Fig. 2(b), with theinitial
field interfering with a second scattering pattern that extends
aslong tails in the backscattering direction (to theright). The
remarkable difference between TM and TE illumination in
thefield’s spatial distribution, adifference not predicted theo-
retically, is rooted in the fact that the simulations do not take
into consideration the presence of the probe, and thus neglect
its contribution to the resulting SNOM contrast. The devia-
tion of the contrast in TM polarization (Fig. 2(c)) from the
calculated ones results from multiple scattering occurring be-
tween the probe and the particles.® The enhanced sensitivity
of the probe to fields vibrating along the probe axis'**® (the
‘lightning rod effect’) supports this observation as these tails
almost completely disappear in TE polarization, as shown in
Figs. 2(b) and 2(b').

In addition to the differences in the spatial distribution of
the field revealed in Figs. 2(b) and 2(c), the intensity of the
field diffracted by the particles for each incident polarization
issignificantly different. In TE polarization, the scattered field
intensity shows only aslight contrast to the background inten-
sity, whereas a large enhancement (~ x 10) is observed in the
near-field map disturbance produced by the particles in TM

Isolated Ag nanoparticles illuminated in total internal reflection at A = 404 nm on a glass substrate. (a) AFM image of 27- and

40-nm diameter particles. (b) Corresponding SNOM contrast in TE polarization and (c) TM polarization. The scan size of the images
is15um. (b') and () are the 3D representation of (b) and (c), respectively. Arrowsin 2(b) highlight the presence of the interference
fringes between the particle’s scattered field and the incident wave.
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polarization. In order to gain more insight into the enhance-
ment mechanism, we studied the field diffracted by compa-
rably sized gold (Au) particles for which the solution plas-
mon absorption is centered at 530 nm. Figures 3(a) and 3(b)
present the AFM and the SNOM images for a 35-nm-diameter
Au particle, respectively. A scan size of 6 microns was set for
theseimages. It is evident that the intensity enhancement and
the extended spatial distribution of the field, observed for Ag
nanoparticlesin TM polarization, are not present for Au.

These complementary experiments show that only the Ag
particles are resonantly excited, and that the resonance con-
dition has a strong impact on both the intensity and spatial
distribution of the SNOM signal. The difference can be seen
in Figs. 2(c) and 3(b), where the lightning-rod effect and the
large local field around the resonant Ag particle lead to mul-
tiple scattering between the Ag particle and the probe. Since
the Au nanoparticles are not excited near their plasmon reso-
nance, no significant multiple scattering between the Au par-
ticle and the probe is observed. In fact, the near-field contrast
from the Au particlesin TM polarization (Fig. 3(b)) is com-
parable in distribution to the contrast obtained for Ag in TE
polarization (Fig. 2(b)). This is due to the fact that, in both
experiments, only one of the scattering elements (particle or
probe) presents an enhanced field. For Fig. 2(b), the probe en-
hancement is absent due to TE polarization and for Fig. 3(b),
the particle field enhancement is absent for Au. Thus, an en-
hanced field must be present around both the probe and the
particle in order to observe the multiple scattering present in
Fig. 2(c), a condition only satisfied for TM polarization with
resonant Ag particles.

Interestingly, it is also notable that although the far-field
illumination polarization in Fig. 3(b) matches the geometri-
cal field enhancement condition at the probe extremity, the
optical contrast reflects the scattering diagram of the particle
rather than the scattering diagram of the probe.’® Otherwise,
the scattering diagram of the probe as imaged by the particle
would be inverted in Fig. 3(b) with respect to the principal
scattering direction. However, the probe sensitivity increases
for TM-polarized fields like the one diffracted by the Au par-
ticle under these illumination conditions. The near-field con-
trast would in this case reflect the TM component of the field
diffracted by the particle, as observed in Fig. 3(b).

Since small metallic particles are expected to exhibit a
highly confined enhanced field when excited upon reso-
nance,*1-17.18) the marked spatial extension of the field il-
lustrated in the SNOM images is of interest. Although our
measurements reveal a large enhancement due to the particle
resonant excitation (Fig. 2(c)), the expected spatial confine-
ment has not been observed. To clarify our results, we em-
phasize two effects that may explain this behavior:

i. Both enhancement and spatial confinement are closely
related: the field enhancement increases significantly as
the particle symmetry decreases.’® Going from spher-
ical to square to triangular shape, the geometrical sin-
gularities of nonspherical particles contribute to the
strong spatial confinement of the field as observed in
refs. 4,11,17,18. In our case, the spherical particles stud-
ied do not present any electric singularity that could lead
to such a confinement. Our measurements would thus be
less sensitive to the field diffracted by the extreme part
of the tip, and the scattering of a larger part of the tip
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Fig. 3. Isolated Au nanoparticle illuminated in total internal reflection at
A = 404nm on a glass substrate. (8) AFM image of a 35nm diameter

particle. (b) Corresponding SNOM contrast in TM polarization. The scan
sizeintheimagesis 6 um.

body would contribute to the contrast in the images pre-
sented here. However, it must be noted that these results
do not contradict the subwavelength characterization of
the field depicted in Figs. 2(b), 2(c) and 3(b).

ii. The experimental configuration used in this study (see
Fig. 1) restricts our analysisto the field diffracted by the
probe within a given solid angle defined by the collec-
tion fiber. Although we have observed that the near-field
contrast is strongly sensitive to the angle formed by the
probe axis and the collection fiber axis, no spatial con-
finement has been observed. This sensitivity isillustrated
in Fig. 4, by the AFM (Fig. 4(8)) as well as the typical
SNOM contrast (Fig. 4(b)) obtained for afar-field detec-
tion performed at a grazing angle (fiber axis at 90° from
the near-field probe axisin Fig. 1). The contrast isrelated
to the imaging of a 44-nm-diameter Ag particle illumi-
nated in TM polarization. Figure 4(b) represents a com-
plementary component of the field distribution shown
by Fig. 2(c) and is believed to describe the propagating
component of the scattering diagram of the probeillumi-
nated by the Ag particle excited resonantly.'® Although
further experiments are needed to better clarify this spa-
tially extended contrast, it is clear from Fig. 4(b) that the
resonance excitation of the silver nanoparticle produces
a markedly enhanced field. A similar experiment con-
ducted by Hamann et al. on gold particles'® showed a
high spatial confinement of thefield in the particle vicin-
ity, by investigating a complementary solid angle not yet
accessible in our configuration.

In summary, we studied the near-field distribution of the
field scattered by isolated Ag nanoparticles using aperture-
less SNOM. The response of the Ag particles shows a large
enhancement in TM polarization, signifying the importance
of the particle’s plasmon resonance to both distribution and
intensity of the scattered field imaged under these excitation
conditions. The spatial distribution of the scattered field has
been shown to extend well beyond the topographical limits of
the particles. Both the particle shape and experimental consid-
erations have been discussed in order to explain this behavior.

Thiswork was supported by the US Department of Energy,
Office of Basic Energy Sciences, Division of Chemical
Sciences under contract number W-31-109-ENG-38. We
gratefully acknowledge useful discussions with George
Crabtree, David Gosztola, Marion Thurnauer, Alexander
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Fig. 4.

Isolated Ag nanoparticle illuminated in total internal reflection at A = 404nm on a glass substrate. () AFM image of a

44-nm-diameter particle. (b) Corresponding SNOM contrast in TM polarization. (b') is a 3D representation of (b). The far-field
detection fiber collects the field scattered by thetip at a grazing angle. The scan size of the imagesis 15 um.
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